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Abstracr— The Johns Hopkins University Applied Physics
Laboratory (APL) has adopted an infegrated electonics
module (IEM) approach for many of its spacecraft
programs. As g result APL has developed a relatively simple
X-band transceiver that allows the telecommunications
subsystem (o be manufactured an plug-in cards that fit into
the [EM. An issue with the transceiver approach is that the
downlink frequency is not related fo the uplink frequency.

The nonceherent relationship between the uplink and

dowmlink signals hes implications in both Doppler wacking
and ranging. APL has developed a methed for performing
highly precise noncoherent Doppler tracking [1). This paper
addresses a technique for performing accurate ranging with
a nonccherent system.

Comet Nucleus Tour (CONTOUR) is the first deep space
‘mission to employ a transeeiver and rely on the noncoherent
ranging technique. Analysis and testing of the technique
implemented for the CONTOUR missian is presented. Tests
of the noncoherent ranging technique using the CONTOUR
communications hardware at the Deep Space Nerwork's
(DSN) Development and Test Facility (DTF21) verified that
the technique will provide ranging measurements that meet
its navigation requirements.
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J. INTRODUCTION

Many future APL spacecraft programs will use an integrated
elecronics module as their spacecraft bus. An X-band
transceiver system was developed for the CONTOUR
program that includes receiver, tramsmitter, and command
detection functions on two cards. These cards allow the rf
communications subsystem to fit into the IEM form factor.
In order to meet navigation requirements with 2 noncoherent
transceiver, a technique was developed to provide ranging
using the existing DSN ground station equipment without
appreciably changing DSN procedures.

Several innovations were required to use the DSN ranging
system with transceivers. This paper describes the
noncoherent ranging technique, presents analysis that
quantifies the additional errors that result from using this
technique, and reportz on the results of noncoherent range
tests that identify range configurations that will provide the
CONTOUR mission with the navigation data that it requires.

The DSN's rate-aiding system is designed for coherent
transponder systems. The ranging system assumes the
Doppler shift of the refumed ranging tones is proportiona! to
the Doppler shift on the downlink carrier. The ranging
hardware compares reference frequencies coherently derived
from the uplink and@ downlink camiers. The resulting
Doppler shift is used in rate-aiding hardware 10 remove the
effect of the Doppler on the renging tones.

The noncoherent ranging technique results in ranging tones
that experience a two-way Doppler shift but a carrier that
experiences a one-way Doppler shift and includes oscillator
frequency drift. Tn flight we will accommodate this
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difference by senming the uplink carrier frequency to
compensate for the uplink Doppler shift and oscillator drift.
This results in both the downlink carvier and ranging toncs
effectively experiencing the same one-way Dappler shift.
Frequency errors are inevitable and they praduce an offset in
the ranging measurement, which necessitates shorter
integration times, and causes lower precision. Analysis of
the impact of these additional errors shows that ranging
precision adequate for many deep space missions is
achievable. A test program has verified our analysis.

Tests designed to demonstrate DSN compatibility with the
CONTOUR uplink and downlink Night RF cards identified
several successful ranging configurations that the
CONTQUR mission cen employ to oblain precise range
measurements. These ranging configurations yielded results
where the range error was well within the CONTQUR
mission requirements. Most configurations will result in
range errors of less than 6 meters. The 1ests also showed that
the ervor predicting capability of the analysis, although
limited, is adequate to identify the settings that mission
operations should use.

2. COHERENT AND NONCOHERENT RANGING

The DSN's Sequential Ranging Assembly (SRA) measures
the range to a spacecraf. The SRA derives its name from the
fact that the ranging modulation is r aeries of square wave
tones that arc sent one afier avnother. The tones vary in
frequency from approximately 1 Hz to | MHz. The first
tone, called the clock component, is the highest frequency of
the sequence. This component sets the absolute precision of
the measurement because is phase is determined to a small
fraction of the tone cycle (typically 1/1024). The lower
frequency tones are used 1o resolve the range ambiguity of
the measurement and only need to have their phase rasolved
to O or 180 degrees. The clock component is integrated for
the longest time 1o provide more power 1o the precision
measurement.

The ranging tones are phase-modulated onto the uplink
carrier, demodulated 1o baseband in the spacecraft, and then
phase-modulated onto the downlink camer. The spacecrafi
range is determined by correlating the received clock tone
with the transminted clock (local model) tone. The phase of
the local model is adjusted until the correlation result is
maximized, at which point the range is determined from the
phase difference between the downlink received tone and
the local model. The cowrelation is often done in & low
signal power environment, so long integration times (10 -
1000 seconds) are ofien required.

Doppler shifta in the ranging tones are removed to reduce
degradation in the correlation process. The frequency shift
would cruse the phase of the received ranging baseband to
drift over time and make i impossible 1o integrate the
ranging signa) without affecting the relative phase the SRA
is trying to measure.
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A process called "Doppler rate-aiding” removes the Doppler
shift of the teceived rtanging baseband by obraining
knowledge of that shift from the downlink carrier signal.
The rate-aiding process used by the DSN assumes the use of
a coherent transponder on the spacccrafl. The ranging tones
undergo a two-way Doppler shift. In a ransponder system
the ranging signal is frequency coherent with both the uplink
and downlink carriers so the frequency of the local mode]
can be adjusted through knowledge of the two-way Dappler
shift on the downlink carrier before being used in the
correlation process.

Tf the conventional rate-aiding process deseribed above is
used with a noncoherent transceiver the ranging tones will
undergo a two-way Doppler shift while the downlink cammier
undergoes a one-way Doppler shift and includes oscillator
frequency drift. Thus, the downlink carrier does not provide
the two-way Daoppler shift knowledge needed to adjust the
local model and rvate-aiding will not be effective without

other system design adjustments.

The noncoherent ranging technique allows the SRA (o
function using downlink range tones and a ranging reference
derived from a noncoherent dowmlink carrier. It was
developed with the following two constaints: (1) DSN
hardwarc or procedural changes are not required and (2)
accuracy requirements of typical deep space missions must
be satisfied.

Twao procedures must be fallowed to enable a ransceiver io
work with the DSN rate-aiding process lo produce accurate
range measurements.

J.  First, the uplink RF carrier frequency transmitted by the
DSN must be programmed to compensate for the uplink
Doppler <hifi (both geocentric and 1opocentric). The
uplink frequency received at the spacecraft is then close
to a constant frequency. Removing the Doppler shift
from the uplink RF carrier also removes it from the
uplink vanging tones because the tones are coherent
with the RF carrier. The result is that the ranging tones
received on the ground experience only a one-way
(downlink) Doppler shift.

2. Second, the frequency error caused by the spacecraft
oscillator drift must be compensated for in order io
maintain a constant relationship berween the uplink and
downlink carrier frequencies at the spacecraft This
relationship n=downlink frequency/uplink frequency
(called an effective wmaround ratic) is used by the
Block V Receiver (BVR) te generate the reference
frequency from the downlink carrier. The presence of a
highly stuble oscilator on the spacectaft permits the
downlink mransmitted frequency to be predicted with a
high degree of accuracy. There are two methods of
maintaining an accurate effective turnaround ratio. The
CONTOLR program plans to keep the effective
furmaround ratio at & constant value by adjusting the
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uplink frequency sent to the spacecraft to compensate
for the spacecraft oscillator frequency drift, Conversely,
the effective tumnaround ratio could be set in ground
equipmem fo reflect the relationship between the
existing uplink and downlink carrier signals.

The two procedures described above are existing
capabilities of the DSN and do not require modification of
either the current DSN ranging system or the new system
that will be implemented in the Neiwork Simplification
Project (NSP). Some missions routingly compensate for
uplink Doppler shift (called ramping the uplink.)

Two additional sources of frequency error must be managed
when using the noncoherent ranging technique. When the
uplink carrier frequency is ramped to produce a constant
frequency al the spacecraft there is some error in the tuning
ability of the pround transmitter. This emor can be
controlled precisely with software to keep it on the order of
a few Hz. The second source of frequency error, the drift
and subsequent prediction of the downlink frequency
generated by the spacecrafl oscillator can be controlled by
design and minimized by monitoring the signal on a regular
basis. These frequency errors lead to a bias in the range
error that will be described in the next section. In addition,
the frequency uncertainty will contribute fo an increased
probability that corvelation will fail due to errov in the lower
frequency camponents.

3. ERROR ANALYSIS

This section describes and quantifies the ranging error
associated with the noncaherent technique, These formulas
extend the ranging error predictions published in the Deep
Space Missien Systems (DSMS) Telecommunications Link
Design Handbook [2] for use with a noncoherent
transceiver. An example will follow to show that good
ranging accuracy can be achieved with relatively relaxed
requirements on the DSN and the spacecraft equipment. The
requirements for the DSN uplink programming accuracy and
downlink oscillator frequency knowledge should bs easy to

meet.’

The wange emor  published in  the DSMS
Telecommunications Link Design Handbook acquires a
second term due to the frequency errors on the uplink and
downlink carrier signals [3]. In addition there is an increased
probability that the SRA range measurement correlation will
fail due to the frequency emor {4). Both phenomena are
described below.

Measurement Error

The worst-case error in the frequency knowledge of the
downlink ranging tone is the sum of the errors due 1o the
uplink Doppler compensation and the spacecraft ascillator
frequency knowledge. This ia caleulated as follows:

DEC BR A1 A7:45

JHU-RPL =+ 2696788918183542825

NO. 831

(AF/F)c= (AF/F)ose + (AF/Fupimx M

The error in the frequency knowledge leads to phase errer in
each of the range tone frequencies. The difference in
frequency between the local model and received tone causes
the phase difference between them to drift during the
measurement intervel (defined as the integration time T,).
Thig phase drift is equal to:

AF
Phass drift = Ap= 2nF, ('—F) Ty radians )
C

"

where F, is the ranging tone frequency. The range is
proportional to the phase measurement, so the mnge
measurement drifts over the integration interval. By
convention, the range measurement produced by the DSN s
referenced at the start of the integration interval instead of
the middle, so the cange error in the timetapped
measurement is equal to one-half of the total drift during the

jnterval:

Range bias = %Z(EL;:) = %(—é;-)c T, metes  (3)

where ¢ is the speed of light. This error is a bias that exists
in all of the ranging measurements over which the ranging
tone frequency error is constant,

The DSMS Telecommunications Link Design Handbook
gives a calculation for ranging precision in the absence of
frequency error in the ranging tone.

o - 402
VR (P, /N,)

melers rms @)
where F, is the clock frequency in MHz, T, is the clock
component iniegration interval, and Pg/N, is the ranging
power-to-noise densily ratio in Hz. The noncoherent range
ervor is found by combining the vanging precision (equation
3) and bias (equation 4) in a Root Sum Square:

402 | AF
O tnomens = (pz 7 ] +[§x[—le];T {(5)
L CXZX /4% ) /

Example—The {ollowing example shows that good ranging
accuracy can be achieved using relatively relaxed ranging
paramelers despite the ertor sources described in this
section. Table | contains the assumptions for this analysis.
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Any frequency error in the clock tone of ths ranging signal
reduces the power of the tone cotrelator output. Limiting
the allowed amount of power reduction gives an operator g

Table 1. Parameters for Ranging Analysis

Parameter Symbol Vajue
Ranging-to-noise density Pr/N, 0 dBHz
ratio

Ranging tone frequency F. 1 MHz
Spacecraft oscillator (AF/F)ose 1x 10T
frequency knowledge

Residual frequency error at | AF (s e 10 Az
spacecraft receiver afier the

DSN programs the uplink

RF carrier frsquency to

compensate for uplink

Deppler shift

Nominal uplink carrier Furumx 7.2 GHz
frequency

Uplink programming ervor | (AF/F)ypng | 1.4 x 107

THU-RPL » 2696788318183542825

boundary for the desired integration time (Ty) of the
measuremenl. The clock tone is typically transmitied as &
square wave to the spacecraft, but comes back from the
spacecrafl &s a sine wave due to fillering in the spacecraft
receiver. Assuming a sinusoidal signal, equation 6 shows
the calculation used to bound the integration time relative 1o
the correlator power reduction,

Al
Al

2

.
71_2— f cos(2, tycos[ 2 (Ft + AF 1)}dt| =
10

(6)

where fA/Ao[’ represents the power loss at the correlator
output due to a frequency error between the local model and
the received ranging rone.

For a 1 MHz tone frequency and an allowable reduction in
the comelator output power of 0.6 dB, some suggested
integration times (shown in Table 2) were generated.

Using equation 1 and the values in Table )| we calculate a
ranging tone frequency error of 1.5 x 107 and select T,= 68
s from Table 2. Plugging in Fc= 1 MHz, T,= 68 s, and
Pp/Ng= 1 (0 dBHz) into (S) the ranging precision is op= 8.1
meters rms.
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Table 2. Frequency Errar vs. T, Tradeoff

Frequency Error Allowable Integration
(AF/F)c Time (s)
Ix 107 ]
1x 10" 10
1.5x 107 68
1x10° 102
) 1077 1020

To extend the work further, the correlation Joss (8} was
incorporated into the expression for ranging precision (4) as
a reduction factor for Pe/N,. This was then used in the
ranging error calculation (5) and graphed as a function of
integration time for two differens values of Pe/No. The
graphs in Figures 1 and 2 illustrate how improved frequency
knowledge can imprave the ranging accuracy.

Probability of Range Acguisition Failure

A vange measurement uses frequency tones to determine the
resolution of the measurement and resolve the ambiguity of
the a-priori range estimate. The first tone in the sequence is
the highest frequency compenent and is called the clock
component. The highest frequency clock available is
approximately | MHz is a designated component 4. Twenty
additional tones are available 1o resolve the uncemainty in
the measurement. By convention they are numbered
components 5 to 24 and each tone frequency is exactly half
the previous one [2).

Lower frequency components may cause interference with
the telemetry or command modulation. Frequency chepping
modulation is lypically used to prevent this interference.
The chopping function is defined by:

C=C,8 C, M

where C= modulation, Cp, = the square-wave modulation of
the component, m, being chopped, C, = the square-wave
modulation of the chop component (often the clock
component), and @ = modulo 2 addition. All higher order
components are chopped with the selected chop component.

The additiona] component of the range emor formula {3
does not completely describe the behavior of the SRA in
response 1o a noncoherent ranging signal. If the frequency
errar is large enough, then the reference frequency creates a
phase emor that affects the chopped components of the
ranging signal and effectively increases the probability that
the SRA correlation will fail [4].

The previous section described how the phase eror that
results from the frequency offset affects the clock tone.
Higher arder components are used to resalve the ambiguity
of the range measurement, The phase error would normally
not grow large enough to affect (the SRA's ambiguity
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determination but when the higher order components

are

chopped with the clock tone (hey become susceptible 1o the
phase error. This manifests itself in & limitation in the length
of the integration time used to resolve the range ambiguity

(T

Analysis shows thal the probability of correlation failure in
the higher order components inoreases with frequency error
and integration time. Formula (8) represents an additional

rerm in the probability that a corrslation error will occur.

NoncoherentP, = 4(“—;-1 X P X [(Last = CHOX (T, +1)4 1 + 7,/2)

DEC @6 '@l @7:46

when T; > | second
NoncoherenP, = c{%) J?T XFehn [2x (Last~ Clk)+ 1.5)
C

when T, < 1 second &)
where Last {s the number of the last compenent used, Clk is
the number of the clock component, and Fe,, is the
froquency of the tone used to chop the higher order
components.

Combining this equation with the formula for P, from the
Deep Space Mission Systems (DSMS) Telecommunications
Link Design Handbook [2) Module 203, Section 2.4.2 gives:
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This equation is plotied assuming a Chop component of 4
and a spacecraf using DSN channel 31, CONTOUR plans
to use this configuration. The plot in Figure 3 shows
parametric curves for scveral (AF/F)c values when ranging
components 4 to 20 are used.

Figure 3 comtains P, vs. T, data for four values of Pp/N, and
four values of (AF/F)e (0, 1x107"° 1%10° 1x10%). The
waterfall curves that cross the P,=0.00} line are the
asymptotes for four values of Pa/N, (20 dBHz, 10 dBHz, 0
dBHz, -10 dBHz) when (AF/F)e = 0. These waterfal] curves
represent the normal coherent ranging case thar is not
affected by (AF/F)e.

The other curves in Figure 3 approach 1 of 3 agymptotes for
the other three values of (AF/F)¢ (0, 1107, 1x10°, 1510,
These three asymptotes approach the P, = 1 lines as T; is
increased.

The log-log format of Figure 3 allows the user 1o interpolare
to other values of Pg/N, and (AF/F)c. For short integration

DEC 86 ’D1 B7:46

times, the curves approach an error probability of 1. For
long integration times, the curve asymptotes have slope +1
and the curves are spaced | decade apart for every factor of
10 difference in (AF/F)c. The lowest visible curve
corresponds to a (AF/F)c=1x10"°,

Figure 3 indicates that when components 4 to 20 are used
and (AF/F)e= 1 x 10°, increases in ranging power will not
improve ranging measurements. The selection of T2 is
limited to integers of | second or more. Therefore, when
using compaonents 4 10 20 and (AF/Fjc= 1 x 107, the lowest
error probebility is about 7% for Ty = [ second. As
frequency uncerainty improves, the error probability
decrenses. (e.g. For T, = 1 second and (AF/F)c= | x 10  the
error probability is about 0.7%.)

4. TEST PROGRAM AND RESULTS

In preparation for the CONTQUR mission’s use of the
noncoherent ranging techmique, a test program was
underiaken 10 verify its compatibility with the DSN and the
analysis presented in the previous section,

Two types of tests were performed. One set of tests used the
caherent transponders onboard the NEAR and Deep Space |
spacecrafl fo approximate noncoherent transceiver operation
and perform noncoherent ranging in {light. Other tests
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employed the CONTOUR engineering mode] and flight
hardware transceivers in tests at JPL's Development and
Test Facility (DTF21) to test the equipment with an SRA in
a controlled test on the ground [5).

Ivitial tests of the noncaherent ranging technique at DTF2)
verified that it worked under varying conditions (including
frequency offset and signal-to-nofse density ratio (PINY)
while using a subset of the ranging tones (components 4-10.)
Higher components (typically up to component 20) are
necessary in flight for their larger ambiguity resolving
capability.

Additiona) tests ai DTF21 showed that successful range
measurements can be obteined while experiencing larger
frequency errors if the operational parameters are carefully
selected.  Analysis can  identify successful ranging
parameters. Flight experience may prompt adjustments to
the parameters.

The CONTOUR uplink and downlink flight RF cards werc
tested at DTF2) with the DSN hardware to demonstrate
compatibility. A length of coaxial cable was used to
generate the distance measured. These lests successfully
identified several ranging configurations that the
CONTOUR mission can employ. Of the ranging
configurations that produced ranging measurements, all
resulted in measured ranges where the range error was well
within the CONTQUR mission requirements of 66 meters
(1-sigms). Most configurations resulted in range errors of
less than 6 meters. The tesis also showed that the error
predicting capability of the analysis although limited, is
adequate lo identify the seftings that mission operations
should use when ranging with CONTOUR. The remainder
of this scction describes these ranging tests in detail.

JHU-APL > 2656788318183542825
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Several parameters were recorded during the ranging tests.
These included the total frequency offset (AF/F):, the
ranging infegration fimes (T, and T,), the ranging
components used, the chop component, and the measured
ranging power-to-noise density ratio (Pg/N,). The total
number of ranging acquisitions and the number of failed
acquisitions (due 1a bad correlation) were also recorded.
This produced a measured scquisition error rate. The
predicted ervor rate for acquisitions (P,) was calculated
using equation 9.

The noncoherent ranging measurements for the suecessful
gequisitions were averaged and the standard deviation was
caleulated. The delay in range units was converted to meters.
A subset of the test data is shown in Tables 3, 4, and §. An
initial mensurement performed at high signal level with a
very low frequency offset determined the actual range (test
1.) The data for test 1 is presented in the first row of Table
3. The measured range bias was determined by comparing
measured values to test |. The tota! measured range error
was determined by RSS combination of the standard
deviation and the range bias.

The predicted range error was calculated for each of the
suecessful sets of fests using equation 5. The ranging
iniegration time T,, measured frequency offset and measured
Pa/N, were used in these calculations. The predicted range
error is displayed in the last columns of Tables 3, 4, and S.
The largest range error encountered was only a third of the
66 meter requirement.

The data has been scparated into three tsbles. Table 3
contgins fests where ranging was performed  with
components 4-20 and chop set to 4. (Tests 2-8) The
frequency offsste were small (1 x 107"%and 1 x 10°%),

Table 3. Ranging Measurement Data from CONTOUR DTF2] Noncoherent Ranging Tests with Small Frequency Offsets.

DEC @5 @1 @7:47

Test F(AF./F)C [ TyT2 | Ranging | Chop | Pp/No | Pred. | Meas. | Meas. | Meas. | Meas. | Toml | Pred
(s) Comp | Comp | (dBHz) Acq Acq Range | Range | Range | Meas. Range
Error Error Std Bias Range | Error
rate Tate (m) Dov (m) Eror {m)

(P (m) {m)
1 [1x10 ] 2 4-20 4 59.14 0 0 9400 | 0.4 0.00 .14 0.02
2 [ 1x10” | ) 4-20 | 4 1R.72 0.07 0 9444 | 1.43 0.34 1.47 1.60
3 J1x10” | 21 4-20 4 18.80 0.07 0 9381 | 213 | 029 | 2.14 1.58
4 [1x10” [ wr | 4-20 4 7.24 0.1 0 94.75 | 1.71 0.65 1.83 2.77
S o ix10 | 27 4-20 4 19.11 | 0.007 0 93.08 | 1.25 | -1.02 1.62 1.52
6 |1x)J0™ [ 205 | 4-20 4 3.98 0.014 0.2 92.53 | 268 2157 |3 2.74
7 [ 1x10] 61/5 | 4-20 4 -2.08 0.02 0.6 9258 | 320 | -1.52 | 3.5 3.19
8 | 1x10 [ 191/ | 4-20 4 -6.04 | 0.035 0.4 9530 | 3.7 1.20 3.39 3.15

12 J
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Comparison of the measured and predicted TBnge errors in
the first set of data shows that the measured average range
ermor was close to the predicted range error. Results
mirrared expectations because the range error increased as
the frequency offset increased and as Pp/N, decreased
with T, as a contributing factor. As the Pp/N, decreased
the predicted and measured acquisition error rates also
increased. Each set of tests included berween 10 and 20
acquisitions. The small sample sets may explain why the
measured acquisition failure rate was higher than
predicted.

The ranging test data displayed in Table 4 contains tesis
where higher frequency offsets (1 x 10®) were used. We
first tried using ranging components 5-20, with chopping
set to 5. (Tests 9-11) Chopping was set 1o S because the
analysis showed that using the higher chop component is
necessary with a larger frequency offset. Measured range
errors are still small compared o the CONTOUR
requirement using this configuration. The data shows that
(he measured range errors are slightly lower than the
predicted range error. Mission operations may want 1o use
this configuration (components 5-20, chop frequency = 5)
when the frequency offset is expected 10 be 1x 10°
because it produces good results. Note that all of these
lests were performed at high signal level (Pr/N,= 25-28
dB-Hz))

Amalysis indicated that another way 1o obtain successtu)
range measuremenis when higher frequency offsers are
used is to reduce the number of components used. Tests
12-19 uscd ranging with chop set to 4 and fewer

JHU-APL » 2696783918183542825
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components. Ag shown in Tabie 4, these configurations

produce successful range rvesuhs. The disadvaniage 10
using fewer components is that you cannot resalve
ambiguitics as well as when ranging includes components
up through 20, Also, although the measured range errors
for these tests were within CONTOUR's mission
requirements, these lests emphasized that the prediction
methads we use fo identify both the acquisition failure rate
and the range error do not adequately describe these
quantities. The measured acguisition failure rate was
lowor than expected and the measured range emor was

larger than expected. This could indicate thet the large

frequency offset produces a second order effect that is net
large enpugh to causc the sequential ranging assembly
{SRA) hardware to declare bad correlations but does
affect the range measurement. Again the analysis does
seem sufficient to identify desirable range configurations
for CONTQUR and steer us away from undesirable
configurations.

Finally, analysis predicted that another potential
configuration for mission operations 1o choose when
ranging with larger frequency offsets (1 x 10™%) is to use a
lower chop frequency. Tests 20-25 show that using
components 4-20 and chop component of 8 produccd
good ranging measurements with accepiable range error.
Resuhs are in Table S. The first test (test 20)
demonstrated that ihis configuration works with a low
frequency offset (1 x 107'%. The remainder of the tests
showed that successful measurements could also be taken
with the Jarger frequency offset (1 x 10™) and a broad
range of signal levels.

Table 4. Ranging Measurement Data from CONTOUR DTF2) Noncoherent Ranging Tests with Larger Frequency Offsets.

Test | (AF/F)c | T\Ty ] Ranging | Chop | Pp/No | Pred. | Meas. | Mess. | Mcas. | Meas, | Total Pred.
{s) Comp | Comp | (dBHz) | Acq Acg | Range | Range | Range | Meas. | Range

Emer | Eror Std Bias | Range | Error

TRte rate (m) Dev {(m) Error (m)

(P (m) (m)
9 Y x10® 2N 5-20 5 27.78 0.32 0.04 93,19 1.20 -0.81 1.5] 1.60
16 | ix10” 2/ 5-20 5 26.94 0.32 0.08 93.80 | 0.94 -0.30 0.98 1.62
1 [ ix10t | jon 5-20 S 24.99 0.47 0.32 | 100.52 ] 028 6.42 6.43 7.50
i2 I x10° 21 4-10 4 25.28 0.26 0.07 99,92 0.70 5.82 5.86 1.68
13 Ix10¥ 21 4-1] 4 25.33 0.30 0 100.30 | 0.73 6.20 6.24 1.68
14 [ 1x10% | 2/ 4-12 4 2502 | 034 | 009 [ 9971 [ 055 | 561 563 | 168
15 [ ix10” 21 4-13 4 25.15 0.38 0.)7 99.76 0.81 5.66 572 1.68
16 | 1x10" 21 4-14 4 25.54 0.42 0.08 99.89 | 0.83 5.79 5.85 1.66
17 [ 1x10% | 27 4-15 4 2564 | 046 01 [ 100.5) | 0.69 640 | 6.44 1.66
18 ] x 10" 2/1 4-18 4 25.61 0.46 0.0%8 100.09 0.84 5.99 6.08 1.66
19 [ 1x107 [ 2/ 4-16 4 2522 | 051 044 | 10026 | 0.5) 6.16 | 6.18 1.68
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Table 5. Ranging Measurement Data from CONTOUR DTF21 Nencoherent Ranging Tests with Chop = 8.

Test | (AF/F)e | TyT: | Ranging | Chop | Pp/No | Pred. | Meas. | Meas. | Meas. | Meas. | Total Pred.
(s) Comp | Comp | (dBMz) | Acq Acq | Range | Range | Range | Meas. | Ramge
Brrer | Error Sud Bias | Range | Error
rate rate (m) Dev (m) Emor | (m)
(P (m) (m)
20 [!x10" | o2 | 4-20 8 28.26 0 0 9424 | 023 | 014 | 027 | 025
20 [ix0® | o 4-20 8 21.79 0.06 0 106.91 { 0.24 12.81 12.8 7.52
22 [ix10* | 102 4-20 8 17.07 0.06 0 106.77 | 1.25 12.67 12.7 7.55
23 1% 10" 10/2 4-20 8 10.51 0.06 0 107.23 1.2§ 13.13 13.2 7.72
24 1x 107" 203 4-20 g8 6.13 0.08 0 115.82 1.88 21.72 21.8 15.15
25 1x10% 20/7 4-20 8 1.43 0.16 0 116.77 3.28 22.67 229 15.44
Table 6. Unsuccessful Range Tests Agree with Predictions
(AF/F)c T, Ranging | Chap Pa/No P. Measured # of # of faled
(s) Comp. (dBHz) Acq Errorrate | acquistions acquistions
1x10° 2 4-20 4 30 0.99 1 10 10
1 x10° 10 4-20 4 25 ] ] 3
) x 10 2 4-20 4 25 0.99 ]
1x 107 ] 4-20 4 25 0.67 ]
1x 167 2 4-15 4 25 0.68 1 13 13
1x10% 1 4-17 4 25 0.59 0.62 2) 13

The number of ranging components, the chop component,
the integration time T2, the frequency offset, and P/N, all
copwidbute to the predicted probability of error. Large
frequency offsets combined with higher mnging components
and a lower chop component result in a high ervor rate. In
the test cages the analysis accuralely predicted failure. Table
6 lists tests that were run with a 1x 10 frequency offser and
chop component set 10 4. In two cases although the
predicted error rate was only 0.67 all acquisitions failed.
This is a configuration that CONTOUR would avoid. The
small sample set may explain why the error rate was higher
than predicted.

5. CONCLUSIONS

Nonceherent mansceivers can provide benefiis to future deep
space missions by allowing compact integrated spacecraft
bus architectures. This technique for ranging with a
noncoherent telecommunicarions system on the spacecraft
permiis the use of DSN ranging equipment to fulfill
navigation needs.

Noncoherent vanging requires no appreciable changes 1o
DSN procedures. The uplink carrier frequency must be set
using the existing ramping capability of the DSN. In
addition the selection of the uplink frequency must maintain
4 constant wrnaround ratio. Some additional frequency error
will result that will degrade the ranging precision slightly.

DEC 85 @1 @7:48

Analysis showed that the inevitable frequency emor that
accompanies the noncoherent ranging technique will
produce larger vanging emors than 8 coherent system
experiences but with management these frequency errors can
be minimized. The resulting range accuracy meets the nezds
of many heliocenric deep space missions. Furthermore
iransceivers usually can meet the navigalion requirements of
deep spacc missions that do not require Doppler without

telemetry [1].

The analysis predicts that the measurement error will
increase as frequency error increases and quantifies the
additional error. The analysis also shows that the frequency
error conjributes to &n increased probability that the
correlation measurement will fai). Tests demonstrated this

phenomenon.

A rtobust test program confirmed the ability of the
noncoherent ranging iechnique to meet CONTOUR's
navigation needs. Many ranging configurations were tested
with the CONTOUR equipment at DTF21. The results show
that ranging will be successful using the noncoherent
technique. The data collected identified several desired
configurations for the CONTOUR missien operations team.

In situations when the frequency offset is less than 1 x 107 a
configuration using ranging components 4-20 with chop set
10 4 can be used. When larger frequency offsels are expected
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(1 x 10™) mission operations cen either set the chop to o
higher value (8 or S) or choose 1o use fewer high
componenis. The cheice will depend on the ambiguity
resolving  capability necessary for thase ranging
measurements. When the frequency offset is large it is
desirable 10 operate with as much signal power as possible,
but even with low Pg/N, (0 dB) the ranging error is
expecied to be within CONTOUR's requirement of 66 m.
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